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THE BEHAVIOR OF PVC PIPE UNDER THE 
ACTION OF WATER HAMMER PRESSURE WAVES 
INTRODUCTION 
Hydraulic transients, cOITIITIonly referred to as water haITIITIer, 
occur in a hydraulic systeITI whenever the velocity of flow in anyone 
of the pipes in the systeITI is caused to change. The ITIagnitude of the 
pressure waves generated by a given change in velocity depends on the 
geoITIetry of the pipe systeITI, the ITIagnitude of the velocity change 
and the elastic wave velocity in the systelll cOlllponents. In turn, the 
elastic wave velocity depends on the lllodulus of elasticity of the fluid 
and the pipe ITIaterial, the size and thickne ss of the pipe, the lllethod 
by which the pipe is constrained or tied down and the Poisson's ratio 
for the lllaterial of which the pipe is constructed. 
The extensive engineering analysis and design of piping systellls 
in which water hallllller occurs is relatively COlllITIOn in recent years. 
Most piping systeITIs in previous years have been constructed of ITIetal 
or concrete pipe or SOllle other equally rigid ITIaterial and experilllental 
verification of the theories predicting water hallllller wave velocity, 
intensity and duration has been realized. Recently, however, there 
has been an increase in the use of plastic lllaterial to construct pipes. 
There has been little coordinated work done on the extent to which the 
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classical theory of hydraulic transients will predict water hammer 
in these plastic pipes. It appears that use of plastic materials in 
constructing water pipe will increase dramatically in the next few 
years and, therefore, research into the behavior of this pipe under 
water hammer pressures is justified and timely. 
Late in 1969 the Johns-Manville Corporation undertook pre-
liminary studies of water hammer occurring in the PVC (polyvinyl 
chloride) pipe which they manufacture. The results of this work 
cast considerable doubt as to the validity of applying the classical 
equations predicting water hammer to PVC pipe. As a result of 
this conclusion, the Johns-Manville Corporation retained the Utah 
Water Research Laboratory to generate conclusive results on the 
behavior of this type of pipe under water hammer pressures. 
Objectives 
Tests were to be run at the Utah Water Research Laboratory 
on 4-inch diameter and 6-inch diameter PVC pipe supplied by the 
Johns-Manville Corporation. The objectives of the tests were: 
1. To measure the increase in pressure in the PVC pipe 
caused by suddenly changing the velocity to zero. 
2. To measure the wave velocity in the pipe. 
3. To measure the axial and circumferential strain induced 
in the pipe walls by the passage of the pressure wave. 
3 
4. To l.lEe these data to check the classical equations describing 
water hammer in pipe s and evaluate the modulus of elasticity and the 
Poisson's ratio for the pipe material. Specifically, the change in 
pressure caused by sudden valve closure and the measured wave 
velocity will be compared to the calculated values. 
Applicable Theory 
In order to calculate pressure changes occurring in a pipe 
system undergoing velocity changes, it is first necessary to calculate 
the wave velocity. The equation used is taken from Streeter and 
Wylie (1967, p. 4). 
(I ) 
in which a = the wave velocity in fps, K = the bulk modulus of 
elasticity of the water in psi, p = the mass density of the water in 
3 
slugs per ft, E = the modulus of elasticity of the pipe material 
in psi, D = the inside diameter of the pipe in inches, e = the pipe 
wall thickness in inches, and C 1 = a function of both Poisson's 
ratio for the pipe material and the physical re straint of the pipe. 
In the case at hand, the pipe is relatively free to strain axially as 
the bell and spigot joint behaves much like an expansion joint. For 
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this case C 1 is approximately equal to 1. 0 for thin-walled pipe. 
If, however, the pipe diameter-to-thickness ratio D/ e is less than 
25, the equations for thick-walled pipe should be used. The value of 
C 1 will then be given as 
= 
2e D 
D (1+~) + D+e (1 a) 
in which ~ = Poisson's ratio for the pipe material. 
Equations 1 and 1 a are based on the as sumption that the 
modulus of elasticity of the material and the liquid are constant. 
Furthermore, the material must be rigid enough that the changes in 
pipe volume under pressure fluctuations are extremely small. PVC 
pipe, although much less rigid than metal pipe, still satisfies these 
restrictions for the range of pressures tested so that Equations 1 
and la can be used to calculate the wave velocity. 
For sudden valve closure in a pipe the pre ssure increment can 
be calculated from the equation 
~p = a ---~V 2.31g 
in which t:p = the pressure increment in psi, a = the wave 
(2 ) 
velocity in the pipe in fps as calculated with Equation 1, g = the 
acceleration of gravity and ~V = the change in velocity in ips. 
This equation should predict the pressure increment measured at 
,f 
the downstream pressure transducer. A comparison between 
Equation 2 and the measured pressure increments will be made 
subsequently. 
Stress-strain relationships for thin-walled pipe are 
E 
and 
= E E 
in which £L = the longitudinal strain in inches per inch, 
(3 ) 
(4) 
£ = T 
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the tangential strain in inches per inch, CT L = the pipe wall stress 
in the longitudinal (axial) direction in psi, CT = the pipe wall stress 
T 
in the tangential (circumferential) direction in psi, and ~ = Poisson's 
ratio for the pipe material. 
In the situation at hand with bell and spigot joints, which allow 
the pipe to stretch or shrink with little re s istance, the longitudinal 
stress CT L will be small. If this is the case, Equations 3 and 4 can 
be approximated by 
and 
~CT 
T 
= -~-­E (5 ) 
~£ = T 
~(J"T 
E (6 ) 
In the experiment ;L and; will be measured and (J" can be 
. T T 
computed from the formula 
~(J" = 
T 
~pD 
2e (7 ) 
The E-value and jJ.-value can be found from Equations 5 and 6 as 
E = 
~pD (8 ) 2e~;T 
and 
~; 
L (9 ) jJ. = ~; 
T 
These E-values and IJ.-values can be compared with the values 
supplied by Johns-Manville to determine if there are any changes 
resulting from dynamic loading. 
EXPERIMENTAL APPARATUS 
Basic Flow System 
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The basic flow system was a closed-loop system as shown in 
Figure 1. The suppl y pump was a variable - speed, ten- stage vertical 
turbine pump capable of heads up to 600 ft and flows up to 1000 gpm. 
t 
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FIG. 1. SCHEMATIC DIAGRAM OF THE BASIC FLOW SYSTEM 
! 
...J 
The speed of the pump was adjusted so that a head ranging from 
25 psi to 50 psi was present in the test section during steady flow. 
The te st section was comprised of 120 ft of PVC pipe with 
pre ssure transducers located 100 ft apart. The sudden valve 
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closure was accomplished with a 4-inch quick-closing pneumatically-
powered gate valve. A short distance downstream of the gate valve 
was the venturi meter which was used to measure the flow rate and 
velocity in the test pipe. The venturi meter was calibrated in place 
as de scribed later. 
Just downstream of the venturi meter a gate valve was placed. 
This valve, in conjunction with the pressure set on the supply pump, 
was used to control the flow velocity in the test pipe and guarantee 
the pipe to always be flowing full. The discharge through this valve 
was routed through floor channels back to the sump of the supply 
pump, thus completing the closed-loop system. 
Pressure and Wave Velocity Measurement 
The pressure at the two points in the test section was measured 
by two Tyco AB-200 strain gage pressure transducers. The gages 
were rated at 0-200 psi but capable of carrying 400 psi without damage. 
The transducers were excited by a specially designed and built com-
bination power supply and amplifier. The amplification was necessary 
to provide a signal strong enough to activiate the pressure recording 
system. 
The transducers were placed approximately 100 feet apart 
(exact distances were measured and used in the case of each pipe 
size). Measurement of the time required for the pressure pulse 
9 
to travel from the downstream transducer to the upstream transducer 
provided a value of the wave velocity. 
Strain Measurement 
The longitudinal and tangential strain occurring in the pipe 
during the passage of the pressure wave was measured, respectively, 
by foil strain gage s placed parallel to the pipe axis and normal to the 
pipe axis. The gages were Type FAE-12-12S6 gages manufactured 
~y BLH Electronic s with a gage factor of 2. 03 + 1 percent and a 
nominal resistance of 120 + .2 ohms. 
The gages were attached to the slightly pre-roughened PVC 
pipe with Eastman 910 cement. The gages were incorporated into 
two separate one-quarter bridge circuits and were excited by a 
specially designed and built strain gage amplifier. The amplified 
signal was fed directly into the strain recording system. Temperature 
compensation was ignored in this configuration because the duration 
of the-measurement was only a fraction of a second and only differ-
ences in strain, not total strains, were being measured. 
Recording System 
The pressures and strains were recorded on a Honeywell 1108 
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Visicorder. This device is a 24-channel light-beam oscillograph. 
The schematic diagram of the circuitry is shown in Figure 2. In 
order to operate the Visicorder the voltage signal coming from the 
specially designed bridge amplifier must be converted into a current 
signal. This conversion is necessary because the galvanometers in 
the Visicorder which deflect the light beams are responsive only to 
variations in current. Therefore, the signal from the bridge 
amplifier was directed through a galvanometer amplifier which 
converted the voltage signal to a current signal. The output of 
this galvanometer amplifier was put directly into the Visicorder. 
To provide for efficient and well-coordinated data collection, a 
scheme was devised to operate the recorder and the quick-closing 
valve from the same remote switch. When this switch was closed 
the recorder started. An instant later, when the recorder was up 
to operating speed the valve was automatically closed. Two other 
remote switches were used to turn off the recorder and open the 
valve. 
Figure 3 (a) shows the instrument cabinet with the amplifiers, 
power supply and recording oscillograph. The quick closing gate 
valve and the downstream pressure transducer and strain gages can 
be seen in Figure 3 (b). 
REMOTE 
SWITCH 
SOLENOID 
AI/IVALV£ 
II II/AIR LINES 
POWER 
SUPPLY 
HONEYWELL 
VIS I CORDER 
--I I GALVANOMETER AMPliFIER 
( 4 CHANNELS) 
~ I I BRIDGE AMPLIFIER 
( 4 CHANNEL S ) 
1111 
TANGENTIAL STRAIN GAGE UPSTREAM PRESSURE 
LONGITUDINAL STRAIN GAGE TRANSDUCER----------.. 
TEST PIPE ~ 
------------------------------- -- ~ 
DOWNSTREAM PRESSURE TRANSDUCER 
, ill 
FIG. 2. SCHEMATIC DIAGRAM OF THE PRESSURE AND STRAIN RECORDING SYSTEM 
..... 
..... 
(a) Amplifiers, power supply and recorder 
(b) Quick-closing valve and downstream pressure 
transducer and strain gages 
FIG. 3. INSTRUMENTATION AND TEST APPARATUS 
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EXPERIMENTAL PROCEDURE 
Flow Meter Calibration 
The venturi meter used to measure the flow rate and velocity 
in the test section was calibrated in place. The flow was diverted 
into two automatically recording weigh tanks. The pressure differ-
ence between the throat of the venturi and the mainline flow was 
measured by a pair of differential manometers. One manometer 
~ 
was used for low flow rates and had a manometer fluid specific 
gravity of 1.75. The other differential manometer was used for 
higher flow rates and was filled with mercury. 
During an actual test the proper velocity was set in the system 
by going to the calibration curve and, for a known pipe diameter, 
finding the manometer deflection which would provide the desired 
velocity. Adjustment of the hand-operated gate valve at the down-
stream end of the pipe was made to set the proper manometer 
deflection. 
Pressure Transducer Calibration 
The pressure transducers were calibrated by means of a "dead-
weight gage tester." This device generates a pressure of known 
magnitude by means of weights placed on a hydraulic piston of known 
diameter. 
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The pressure transducers were mounted on the dead-weight 
gage tester and subjected to pressures ranging up to 200 psi. The 
voltage changes at the output of the bridge amplifiers were recorded 
thus providing calibration curves of pressure vs. voltage. The 
resulting calibration curves were found to be straight lines, i. e., 
the voltage output was a linear function of the pressure change. 
Strain Gage Calibration 
The strain gage s were calibrated with help from a Budd strain 
gage indicator. The procedure used was as follows: 
1. Balance the bridge circuit for the strain gage and take a 
zero reading of strain in microinches per inch on the Budd indicator. 
2. Apply a known pressure to the pipe, measure the voltage 
change at the output of the bridge amplifier, and take a new reading 
of the str ain on the Budd ind ic ator. 
3. Plot the change in strain vs. output voltage on the bridge 
amplifier. 
The re suIts give the output of the bridge amplifier in volts per 
1000 microinche s per inch. Again, the voltage was found to be a 
linear function of the change in strain. 
Data Taking Sequence 
The original plan was to take data on both the 4-inch and 6-inch 
pipe s at velocities ranging from 2 ft per second to 10ft per second 
.. 
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in 1 ft per second increments. This plan was followed for the 4-inch 
pipe. However, since the 4-inch quick-closing valve was also being 
used in conjunction with the 6-inch pipe tests, dangerously high pres-
sures were occurring at the valve. For a velocity of 10 ft per second 
in the 6-inch pipe, the velocity of flow through the 4-inch gate valve 
would be about 22 feet per second. The resulting pressure generated 
at this point on sudden valve closure would be approximately 350 psi 
plus-the steady flow pressure in the pipe. Since the quick-closing gate 
valve was rated at 150 psi it was mutually agreed upon by the principal 
investigators and Johns-Manville that in the interests of safety, the 
tests in the 6-inch line should not exceed 8 feet per second. One set 
of data showing the experimental traces for the range of velocities 
used is given in Appendix A in Figures 7 to 21. 
With the pipe in place the data taking sequence occurred as 
follows: 
1. With no pressure in the pipe, the four strain gage bridges 
were balanced. 
2. By use of a voltage calibration signal, the gains in the 
galvanometer amplifiers were adjusted so that each major division 
of the recording chart paper represented either 20 psi or 1000 
microinches per inch, depending on the channel used. 
3. The proper velocity of flow was set at the test section by 
means of the downstream flow control gate valve. 
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4. The proper chart speed was set on the recorder and the 
recorder started and the quick-closing valve actuated by the remote 
switch. 
5. After about 3 seconds the quick-closing valve was reopened 
and steps 3 and 4 were repeated twice to generate three sets of 
data at this velocity. 
6. This procedure was followed for velocities ranging from 
2 ft per second to 10 ft per second on the 4-inch pipe and for velocities 
ran~ing from 2 ft per second to 8 ft per second on the 6-inch pipe. 
DATA REDUCTION 
Three sets of data were taken at each velocity of flow. The 
pressure increments, pipe strain increments, and wave velocity were 
scaled from the recorder strips and are summarized in Tables 1 
through 4. 
The pressure increments were scaled directly from the recorder 
strips where each major division in the vertical direction is equal to 
20 psi. The strain increments were also scaled directly from the 
recorder strips where each major division in the vertical direction 
is equal to a strain of 1000 microinche s per inch. In order to obtain 
the wave velocity, the time lag between the appearance of the pressure 
wave at the downstream and upstream transducers is measured. 
Table 1. Summary of test results on 4-inch PVC pipe. 
~(Tangential Strain) ~(Long. Strain) ~(Peak Pressure) 
Velocity ~ "I" /-l "I" ~(Pressure) psi psi 
ftl sec Individual Average Individual Average· lndividual Average Individual Average 
700 -200 32 34 
2.0 700 683 -200 -167 31 32 33 33 
650 -100 32 32 
950 -300 46 47 
3.0 950 950 -300 -300 46 46 47 47 
950 -300 46 48 
1200 -350 62 63 
4.0 1250 1217 -350 -350 62 62 62 63 
1200 -350 62 63 
1600 -450 78 80 
5.0 1600 1600 -450 -483 78 78 80 80 
1600 -500 78 79 
1950 -600 93 96 
6. 0 1950 1950 -550 -567 94 94 95 96 
1950 -550 94 96 
2100 -700 102 109 
7.0 2100 2150 -900 -833 101 102 109 109 
2250 -900 103 108 
2400 -950 115 125 
8.0 2400 2383 - -950 -950 115 114 125 124 
2350 -950 113 123 
2600 .16aO 124 138 
9.0 2600 2600 -1100 -1117 124 124 138 138 
...... 
::!c~~>:~ 
-1200 124 138 ....J 
*** 
-1300 134 148 
10.0 2800 2850 -1200 -1267 128 131 140 144 
2900 -1300 130 143 
,.. 
Table 2. Summary of test results on 6-inch PVC pipe. 
..6.(Tangential Strain} ..6.(Long. Strain} ..6.(Peak Pressure} 
Velocity J..L"/" ~"/" ..6.(Pressure} psi psi 
ft/ sec Individual Average Individual Average Individual Average Ind i vid ua 1 Average 
600 -100 33 33 
2.0 600 617 -·250 -183 31 31 33 33 
650 -200 30 34 
950 -200 46 46 
3.0 900 933 -350 -283 44 46 45 46 
950 -300 46 47 
1300 -400 62 63 
4.0 1300 1300 ·-400 -433 62 62 63 63 
1300 -500 61 63 
1500 -400 74 78 
5.0 1600 1567 -500 -467 76 75 78 78 
1600 -500 75 78 
1800 -600 84 94 
6. 0 1900 1867 -800 -733 86 86 93 94 
1900 -800 87 94 
2100 -700 96 108 
7.0 2150 2117 -1000 -867 100 98 110 109 
2100 -900 97 110 
2400 2400 -1000 -1000 108 108 129 129 
8.0 
...... 
00 
19 
Table 3. Wave velocity in 4-inch PVC pipe. 
V - fps Travel Tin1e - Sec Travel Wave 
0 Individual Average Distance-ft Velocity-fps 
.088 
2.0 .088 .0880 99.50 1130 
.088 
.089 
3.0 .090 .0893 99.50 1115 
· 089 
· 089 
4.0 .089 .0890 99.50 1120 
.089 
· 090 
5.0 
· 089 .0893 99.50 1115 
· 089 
.089 
6.0 .089 .0887 99.50 1123 
.088 
.089 
7.0 .090 . 0893 99.50 1115 
• 089 
.089 
8.0 .089 • 0890 99.50 1120 
.089 
· 089 
9.0 
· 089 .0890 99.50 1120 
.089 
.089 
10.0 .089 .0887 99.50 1123 
• 088 
Average wave velocity = 1120 fps 
Correction for recorder tin1e scale error = 1.025 
Actual average wave velocity = 1150 fps 
Table 4. Wave velocity in 6-inch PVC pipe. 
Travel Time - Sec Travel 
V - fps Individual Average Distance-ft 
0 
.089 
2.0 .088 • 0887 99.46 
.089 
.089 
3.0 .089 .0890 99.46 
.089 
.089 
4.0 .089 .0890 99.46 
.089 
.089 
5.0 .089 • 0890 99.46 
.089 
.089 
6.0 • 089 .0890 99.46 
.089 
.089 
7.0 .089 .0890 99.46 
.089 
.089 • 089 99.46 
8.0 
Average wave velocity = 1120 fps 
Correction for recorder time scale error = 1. 025 
Actual average wave velocity = 1150 fps 
20 
Wave 
Velocity-fps 
1123 
1120 
1120 
1120 
1120 
1120 
1120 
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When the distance between the two transducers is divided by this 
time interval, the wave velocity results. Each small division 
on the recording chart in the horizontal direction is equal to O. 01 
seconds. 
The inside diameters of each of the pipe sizes were measured 
and average values of 4. 13 inches and 6.09 inches were recorded. 
Several measurements were taken on the wall thickness of each pipe 
as well. The 4-inch pipe was found to have an average thickness oT 
O. 182 inches and the 6-inch pipe was found to have an average thick-
ness of 0.276 inches. 
For purposes of computing a theoretical wave velocity, a value 
of 300,000 psi was used for the modulus of elasticity of the water K. 
The mass density of the water 3 P was taken as 1. 936 slugs per ft . 
A value of the modulus of elasticity E for the PVC material was 
taken as 5 x 105 psi from a stress-strain curve supplied by the Johns-
Manville Corporation. On this same chart a value of Poisson's ratio 
of • 46 was listed. Substitution of the se value s into Equation 1 with 
C 1 = 1.0 give theoretical wave velocities of 1235 fps and 1250 fps 
in the 4-inch and 6-inch pipe respectively. 
Upon calculating the Die ratio for each pipe it appears that 
DI e = 22 for both pipes which is borderline between thin-walled 
and thick-walled pipe. Using Equation 1 a to calculate C 1 and 
recalculating the wave velocities, values of 1190 fps and 1200 fps 
in the 4-inch and 6-inch pipes, respectively, are found. 
22 
DISCUSSION OF RESULTS 
Wave Velocity 
With reference to Tables 3 and 4, it is apparent that the values 
of wave velocity in the two pipes are not noticeably different. Also 
the values show no tendency to increase or decrease with the pipe flow 
velocity. This point is important and will be used in the subsequent 
discussion. It is felt that the accuracy with which the time values 
could be read from the chart is approximately +. 002 seconds. From 
this it follows that the wave velocity in the two pipes is 1150 fps ±25 fps. 
This value is approximately 100 fps below the theoretical value 
for thin-walled pipe and 50 fps below the value for thick-walled pipe. 
One factor affecting the wave velocity is the C 1 value in Equation 1. 
In calculating the theoretical value of wave velocity C 1 = 1. a was 
used. However, the pipe does not have complete freedom to expand 
under the action of water hammer as previously noted. This lack of 
freedom is caused by the friction developed between the pipe and the 
floor as a re suIt of securely tying down the pipe and the fact the bell-
and-spigot joints under pressure do not slide freely. Therefore, a 
longitudinal stress of some unknown magnitude exists in the pipe 
during the passage of the water hammer wave. This stress tends 
to make C 1 smaller and the wave velocity larger. However, 
since the wave velocity shows no variation with time, the effect on 
23 
C 1 must be quite small. Furthermore, the restraint on the pipe 
varied along the pipe length and, as a result, the longitudinal stress 
also undoubtedly varied over a wide range. 
A possible explanation of the discrepancy is put forth by 
Johns-Manville in their report on this subject. Any entrained air 
in the system has an effect on the wave velocity. The effect is to 
reduce the velocity, however, in PVC pipe the effect is very small. 
Nevertheless, the occurrence of some entrained air in these tests 
would tend to bring the theoretical velocity closer to agreement with 
the experimental observations. 
If this is indeed the reason why the measured wave velocity is 
below the theoretical, it is important to note that this re suIts in a 
conservative de sign. That is, the actual water hammer pre ssures 
will be less than predicted by the theoretical equations. 
Pressure Increments 
The pres sure increments scaled from the recorder charts and 
summarized in Tables 1 and 2 are plotted in Figures 4 and 5. Also 
shown in the se figure s are the curve s repre senting the theoretical 
pressure increment vs. velocity as calculated from Equation 2. It 
should be emphasized that the value of 'a' used in Equation 2 was the 
experimentally measured value. To use otherwise would not have 
given a check on the validity of Equation 2. Two different measured 
.., .... 
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pressure s were plotted in Figures 4 and 5. The pressure increment 
referred to on the plots as the normal pressure increment is the 
change in pressure recorded over the very small interval of time 
after the valve closure. This pressure theoretically should check 
Equation 2. The other pressure referred to as the peak pressure 
plotted on these figures is the maximum pressure increment observed 
at the downstream transducer for the given velocity of flo~. 
It can be seen from these graphs that the normal pressure 
compares closely with the theoretical pressure up to about 6 fps. 
However, for velocities greater than this the normal pre ssure drops 
well below the theoretical pressure. It is most interesting to note 
that the peak pres sure checks the theory far better than the normal 
pressure with the exception of the final velocities for each diameter 
of pipe. According to the theory, the peak pressure should differ 
from the normal pressure only by an amount about equal to the pressure 
loss in the pipe due to friction at the steady-flow velocity. This 
amount, in most instances, was small. However, if the figures in 
the Appendix are reviewed, it is apparent that at the higher velocities 
a substantial increase in pressure is occurring at a point on the 
pressure vs. time record at which it should not occur. The reader 
is referred to Figure 6 for a better comparison of theory and experi-
ment. In view of the fact that the peak pressure does tend to check the 
'" CI) 
~ 
I 
~ ~ ~ ~ 
180 
160 
140 
80 
60 
20 
0' , , "-, 
o .10 .20 • 
TIME-SEC 
a) V = 5 f ps d = 4 in 
- - - Oowns/ream pressure - Computer predicted 
-. - Ups/reom pressuttJ - Compu/er predicted 
Ac/uol pressure 
--1 r-!h I I~i '-
o .10 20 
TIME-SEC 
b) V=8fps d=4in 
I! I 
t= £ .. --.~ L._I I -
I 
I 
o .10 .20 .30 
TIME-SEC 
c) V -= 5J P 5 d = 6 in 
l-wl 
I 
I 
I 
I 
I 
I 
I 
__ L.-+-._ 
- ......... -.. I 
I 
I 
I 
I 
o .10 .20 .30 
TIME-SEC 
d) V = 8 fps d = 6 in 
FIG. 6. COMPARISON OF THEORETICAL PRESSURE VARIATION VS. ACTUAL PRESSURE VARIATION FOR 
VELOCITIES OF 5 FPS AND 8 FPS IN BOTH 4-INCH AND 6-INCH PIPES 
N 
~ 
28 
theory much better than the normal pressure, the logical conclusion 
is that there is some irregularity in the instrumentation which causes 
the peak pressure to occur at an odd time in the pressure wave cycle. 
If this is an acceptable conclusion, then it follows that Equation 2 
provides an acceptable means of predicting the water hammer pressure 
increments. 
A more exact form of Equation 2 is 
a6.V 6.V ) 
6.p = 2.3lg (1 + a (10) 
However, even for a velocity of 10 fps, Equation 10 gives results less 
than 1 percent different from Equation 2. In addition, maximum 
tangential strain values recorded show a change in radius of slightly 
over.Ol inches. It must be concluded that excessive pipe stretching 
doe s not occur to invalidate Equation 2. 
Strain Increments 
Previously it was noted that this pipe borders on thick-walled 
pipe in which the stress varies sufficiently with radius to warrant 
consideration in a stress analysis. However, since this is a border-
line case and the equations relating stresses in thick-walled pipe 
are much more complicated, the succeeding discussion will presume 
the pipe is thin-walled. 
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Earlier in this report it was noted that because of the 
necessity of fastening the pipe down securely, longitudinal stresses 
of unknown magnitude were generated. Therefore, in Equations 3 
and 4 there are three unknowns, E, ~, CT L. With only the two 
equations it is impossible to solve for the three unknowns. In this 
respect the strain measurements were disappointing. 
In addition the calibration of the instruments for the strain 
signal was difficult because of the lack of a temperature compensating 
gage. No temperature compensation is necessary during the test but 
for the time-consuming static calibration measurements, temperature 
drift was a recurring problem. Because of this difficulty the investi-
gators do not place high confidence in the strain values. 
It is possible to reach some conclusions on the basis of the 
information contained in Tables 5 and 6. In these tables values of E 
and ~ were generated for Equations 8 and 9 assuming that the 
expansion joints in the pipe were effective, i. e., CT L = O. These 
data will not be completely accurate but they do show certain information. 
First the E-values, although consistantly higher than the values listed, 
show no increase with velocity, so apparently there is no dynamic 
stiffening of the material under impact loading. In fact if anything, 
the E-values show a decreasing trend with velocity, particularly in 
the 6-inch pipe. 
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Table 5. Modulus of elasticity and Poisson's ratio for 4-inch 
PVC pipe assuming completely effective expansion joints. 
Poisson's 
V - fps .6.p - psi .6.; _ ~ "I " E - psi .6.; - ~ "I " ratio 0 T L 
2.0 32 683 5.4x10 5 -167 .245 
3.0 46 950 5.7x10 5 -300 .316 
4.0 62 1217 6.0x10 5 -350 .288 
5.0 78 1600 5.8x10 5 -483 .. 302 
6.0 94 1950 5.7x10 5 -567 • 291 
7.0 102 2150 5.6x10 5 -833 .388 
8.0 114 2383 5.7x10 5 -950 .400 
9.0 124 2600 5.6x10 5 -1117 .430 
10.0 131 2850 5.5x10 5 -1267 .445 
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Table 6. Modulus of elasticity and Poisson1s ratio for 6-inch PVC 
pipe assuming completely effective expansion joints. 
Poisson's 
V - fps ~p - psi ~S - ~"/ II E - psi ~; _ ~JJ/" ratio 
0 T L 
2.0 31 617 5.5x10 5 -183 .297 
3.0 46 933 5.4x10 5 -283 · 303 
4.0 62 1300 5.3x10 5 -433 .333 
5.0 75 1567 5.3x10 5 -467 .• 298 
6.0 86 1867 5. 1x1 0 5 -733 
· 393 
7.0 98 2117 5. 1 xl 0 5 -867 .410 
8.0 108 2400 5.0x10 5 -1000 
· 417 
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At the higher velocities the effects of the frictional resistance 
between tied down pipe and the floor is les s important and the pipe 
behaves more as though it had effective expansion joints. This idea 
is supported by the increase in Pois son I s ratio for the pipe at higher 
velocities coupled with a decrease in E-values. Both of these trends 
support the notion that at higher velocities, Equations 8 and 9 are 
more nearly valid. 
Computer Predicted Pressures 
Shown in Figure 6 is a comparison of the pressure waves 
measured in the laboratory at the two pressure transducers and the 
:reSUlts of a computer anal ysis of the situation. In the computer 
analysis the measured value of wave velocity was used. 
For the 5 fps velocities a good fit is seen for both the 4-inch 
pipe and the 6-inch pipe. Because of the idealized conditions used 
in the computer program at the upstream end of the test section, 
the comparison loses meaning for t). 20 seconds. For the 8 fps 
velocities the over-prediction of pressures by the computer program 
immediately after valve closure is evident. It is interesting to note, 
however, that just before the pressure drops the experimental values 
nearly reach the calculated value s. It should be noted here that the 
values scaled from the recorder charts and noted previously as the 
normal pressure increments, were taken at less than. 10 seconds 
after valve closure. The peak pressure increment values seen on 
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Figure 6 are those most nearly checking the theory. 
SUMMAR Y AND CONCL USIONS 
In summary the following results of the experiments with water 
hammer in PVC pipe were observed and the following conclusions 
were made: 
1. The wave velocity as calculated by the traditional equation 
(Equation 1) is reasonably accurate provided the thick-walled 
equation (Equation 1 a) is used to evaluate C 1 • Actual wave velocitie s 
appear to be a bit less than this theoretical value and thereby provide 
a built-in safety factor in design. 
2. The wave velocity appears to be constant over the full range 
of velocity of 2 to 10 fps. There are apparently no dynamic changes 
in modulus of elasticity or Poisson's ratio significant enough to 
measureably affect the wave velocity. 
3. The pressure increment due to a sudden change in velocity 
can be accurately predicted up to about 6 fps. At velocities greater 
than this the theory predicts values greater than the measured normal 
pressures. However, the peak pressures do check the theory reason-
ably well. If one uses the peak pressure increments then it is con-
cluded that the theory predicts the pressure increments adequately. 
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4. The strain measurements indicate the previous conclusion 
that there is no dynamic change in the modulus of elasticity of the 
pipe material. 
5. Unless the restraint condition on the pipe can be firmly 
established so that the longitudinal pipe stress is known, the values 
of E and 1-1 cannot be calculated from longitudinal and tangential 
strain measurements. 
RECOMMENDATIONS FOR FURTHER RESEARCH 
During the course of this study some areas which need additional 
investigation became apparent. These are listed below. 
I. Because of the intimate relationship between pressure incre-
ment and wave velocity, it is necessary to be able to estimate the wave 
velocity accurately to get good pressure predictions. In view of the 
flexibility of PVC pipe above ground, its behavior when buried might 
be quite different. Specifically, the pipe above ground stretches 
relatively easily during the passage of a water hammer wave. This 
low resistance to stretching leads to low wave velocities and low 
pressure increments. This same pipe placed in a well-compacted 
fill will exhibit a great deal more stiffness or resistance to stretching. 
The result will be a higher wave velocity and a higher pressure 
increment. Because the buried environment is the normal situation 
for PVC pipe, it is strongly recommended that Johns-Manville 
initiate a research study on this topic. 
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2. If further information is desired on the dynamic or impact 
behavior of PVC, it is suggested that the loading be simulated on a 
dynamic testing machine such as the one recently installed in the 
Mechanical Engineering Laboratory at Utah State University. By 
this means Poisson's ratio and the modulus of elasticity can be 
evaluated more accurately because of the close control over applied 
stre ss in the longitudinal and tangential directions. 
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